A new safe and sensitive method to determine hydrogen cyanide (HCN) in cigarette smoke using continuous flow analyser (CFA) has been developed and validated. The use of highly toxic potassium cyanide (KCN) as a standard necessitates the development of a safer method for the determination of HCN in cigarette smoke. In this described method KCN is replaced by less toxic potassium tetracyanozincate (Lethal Dose LD 50 oral is 7.49 mg/kg for KCN and 2000 mg/kg for potassium tetracyanozincate). Furthermore, the new method uses isonicotinic acid-barbituric acid (coupling reagent) instead of pyridine-pyrazolone as a reagent for the determination of HCN, and hence eliminates the use of pyridine. In this method HCN is trapped on both the Cambridge Filter Pad, then extracted with aqueous sodium hydroxide solution, and in an impinger containing the same solution. The solution thus extracted is oxidised to cyanogen chloride by Chloramine-T and treated with coupling reagent, the resulting stable chromophore was measured colorimetrically at 600 nm. The regression equation was linear in the range of 1 to 25 µg/mL for cyanide with a correlation coefficient (R 2 ) > 0.9998. The limit of detection (LOD) was 0.76 µg/cig and the overall relative standard deviation (RSD) of the method was less than 10%. Excellent recoveries of cyanide were obtained in the range from 92% to 112% and the HCN yields from the Kentucky Reference Cigarette 3R4F obtained from the newly developed method are in good agreement with those from the conventional KCN method. The proposed method is robust, reliable, selective and safer than any of the existing methods 
A new safe and sensitive method to determine hydrogen cyanide (HCN) in cigarette smoke using continuous flow analyser (CFA) has been developed and validated. The use of highly toxic potassium cyanide (KCN) as a standard necessitates the development of a safer method for the determination of HCN in cigarette smoke. In this described method KCN is replaced by less toxic potassium tetracyanozincate (Lethal Dose LD 50 oral is 7.49 mg/kg for KCN and 2000 mg/kg for potassium tetracyanozincate). Furthermore, the new method uses isonicotinic acid-barbituric acid (coupling reagent) instead of pyridine-pyrazolone as a reagent for the determination of HCN, and hence eliminates the use of pyridine. In this method HCN is trapped on both the Cambridge Filter Pad, then extracted with aqueous sodium hydroxide solution, and in an impinger containing the same solution. The solution thus extracted is oxidised to cyanogen chloride by Chloramine-T and treated with coupling reagent, the resulting stable chromophore was measured colorimetrically at 600 nm. The regression equation was linear in the range of 1 to 25 µg/mL for cyanide with a correlation coefficient (R 2 ) > 0.9998. The limit of detection (LOD) was 0.76 µg/cig and the overall relative standard deviation (RSD) of the method was less than 10%. Excellent recoveries of cyanide were obtained in the range from 92% to 112% and the HCN yields from the Kentucky Reference Cigarette 3R4F obtained from the newly developed method are in good agreement with those from the conventional KCN method. The proposed method is robust, reliable, selective and safer than any of the existing methods (1) . HCN exists both in particulate phase as well as in gaseous phase and therefore, the methodology should be able to efficiently trap HCN in both phases. There are several methods reported for the determination of HCN in different matrices (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) and some specific methods for the determination of HCN in mainstream smoke and sidestream smoke of tobacco products by various techniques using colorimetry (13) , spectrophotometry (14) gas chromatography (15) (16) , ion chromatography (17) , polarography (18) , liquid chromatographytandem mass spectrometry (19) and continuous flow analysis (20) (21) (22) . One widely used method for the analysis of HCN in cigarette mainstream smoke is according to Health Canada T-107 (23) by continuous flow analyser (CFA). Unfortunately, all these methods use potassium cyanide (KCN) as standard. Due to safety hazards and legislation the replacement of KCN as reference material for standard preparation is of great importance. Initially KCN replacement was tried with potassium thiocyanate (KSCN) and glycine. However, their use was not successful as they have led to non-stoichiometric reaction with the coloring reagents. The cyanide standard solution containing cyanide (II) complexed with zinc, nickel or cadmium (e.g., tetracyanozincate) preferably as an alkali metal compound can release the required cyanide ion. These compounds when used as standards are stable on storage and less toxic than alkali metal cyanides (such as KCN) which have been historically used. In view of the potential environmental impact of nickel and cadmium, we have identified potassium tetracyanozincate as the most suitable standard for the analysis of HCN. Cyanide from potassium tetracyanozincate is stable but easily releasable (24) . In summary, the new method, described herein, replaces KCN with potassium tetracyanozincate for the preparation of cyanide standard and quantifying HCN in cigarette smoke using CFA. The developed method eliminates the use of highly toxic KCN with safer standard potassium tetracyanozincate. The aim of the present investigation is not only to replace KCN but also to replace pyridine, which is harmful and has a very unpleasant odour. The present method also utilizes isonicotinic acid (25) for the formation of glutaconic aldehyde in place of pyridine which further substantiates a more environmentally friendly approach. The current study was performed with the Kentucky Reference Cigarette 3R4F and the equivalent of the HCN yields is compared with the existing method (23) . The results from this study are in good agreement with the published data (26) . The measurement of HCN is carried out using a modified Koenig's reaction, wherein the cyanogen chloride formed by the oxidation of cyanide released from potassium tetracyanozincate with Chloramine-T couples with isonicotinic acid and barbituric acid coloring reagents to form a stable chromophore. The reaction mechanism is shown in the scheme (Figure 1) . CFA is an automated wet chemical analysis. The CFA technique is simple, sensitive and facilitates faster through-put compared to other available techniques. In CFA, a sample is aspirated into a flowing carrier solution passing rapidly through small-bore tubing. The sample is mixed with a reagent in mixing coils, the resulting mixture reacts and develops a color and thus rendering determination of the analyte concentration. 
Instrumentation
The linear smoking machines used were the Cerulean SM 450H and Cerulean SM 405 SV. Continuous Flow Analyser (Skalar San++) (CFA) consisting of sampler, peristaltic pump, chemistry module, colorimeter equipped with 10 mm flow cell, and 600 nm filter, computer/data handling system. Further information can be found in Appendix 1.
Preparation of reagents
All the reagents were prepared from analytical grade chemicals (unless otherwise specified) and dissolved in deionized water. Chloramine-T solution (0.4% w/v) was prepared in water daily and stored in an amber-colored reagent bottle. The color reagent was prepared by dissolving 12.8 g of barbituric acid and 13.6 g of isonicotinic acid in 1000 mL water. This reagent was stable for 3 months if stored at 4 °C. The buffer solution was prepared by dissolving 13.6 g of potassium dihydrogen phosphate and 0.28 g of disodium hydrogen phosphate in 1000 mL water. Brij-35 solution (0.5 mL) was added to the buffer solution and mixed thoroughly. The buffer solution was stored in an amber colored bottle.
Standard preparation
The primary stock solution of 500 µg/mL CN was prepared from 1000 µg/mL of potassium tetracyanozincate K 2 [Zn(CN) 4 ] by diluting an appropriate amount of the standard, based on the purity of cyanide standard, with 0.2 N NaOH. The cyanide standard purity was determined by titrating with 20 mM silver nitrate solution using p-dimethylaminobenzylidene rhodanine indicator (27) . Calibration solutions were prepared by diluting the primary stock solution in 0.1 N NaOH to obtain the following concentration of HCN (Table 1) . Standard stock solution and calibration solutions were stable for one month when stored at 4 °C.
Sample collection and extraction
The Kentucky Reference Cigarettes 3R4F were sampled according to ISO 8243:2013 (28) and conditioned according to ISO 3402:2000 (29).
Mainstream smoke
The conditioned cigarette samples were smoked according to ISO 4387:2000 (30) and the Health Canada Intense (HCI) regime (31) with the impinger containing 0.1 N NaOH (30 mL for ISO and 40 mL for HCI) and connected to the smoking machine to collect the vapour phase HCN. The 44-mm Cambridge filter pad, containing trapped mainstream HCN from 5 cigarettes for the ISO and 3 cigarettes for the HCI regime was extracted with 40 mL 0.1 N NaOH by shaking at 180 rpm for 30 min. An aliquot of the extract was filtered and analysed for HCN by CFA method. The HCN impinger trappings were also filtered and analysed by CFA. Laboratory Fortified Matrix (LFM) samples were analysed to evaluate the potential matrix effect. 5 mL of control cigarette particulate extract was made up to 10 mL using 0.1 N NaOH. Similarly, 5 mL of control cigarette particulate phase extract was fortified with 0.1 mL 500 µg/mL CN standard and made up to 10 mL with 0.1 N NaOH. Laboratory Fortified Blank (LFB) samples were analysed by fortifying the conditioned filter pad with 0.4 mL of 500 µg/mL CN standard and with 39.6 mL of 0.1 N NaOH then extracted. Laboratory Reagent Blank (LRB) samples were analysed by extracting conditioned filter pads with 40 mL of 0.1 N NaOH. LRBs, LFBs and LFMs were processed through the sample preparation procedure described above. Sample solutions were stable for 12 h and the samples needed to be analysed within 12 h after trapping. Results can be found in Appendix 2.
Sidestream smoke
The conditioned cigarette samples were smoked according to ISO 20773:2013 (32) with impingers, containing 60 mL of 0.1 N NaOH, connected to the smoking machine to collect the vapour phase HCN and extracted by following the Health Canada method T-205 (33). The 44-mm Cambridge filter pad containing trapped sidestream HCN from 3 cigarettes was placed into a 125 mL Erlenmeyer flask and 30 mL of 0.1 N NaOH was added to the flask. The inner wall of the fish tail chimney was rinsed with 2 × 15 mL 0.1 N NaOH and transferred to the flask to determine HCN. The HCN from the pad was extracted by shaking at 180 rpm for 30 min. An aliquot of the extract was filtered and analysed for HCN by the CFA method. HCN trapped in the impingers was filtered and analysed by CFA.
Sample analysis
The sample analysis was performed using CFA. The auto sampler was operated at 1:2 sample-to-wash ratio, wherein the sample time was 60 sec and wash time was 120 sec. Calibration standards were run to construct the calibration curve relating to µg/mL of HCN according to peak height. 0.1 N NaOH solution was run through the instrument at regular interval to allow the baseline correction. It can be noted that treatment of unreacted cyanide is described in Appendix 3.
RESULTS AND DISCUSSION

Calibration curves, limit of detection (LOD) and limit of quantification (LOQ)
The calibration curve for HCN across a range of concentrations (Table 2) , as mentioned in section 2.4, was plotted by linear regression of the peak response. HCN showed excellent linearity with correlation coefficient (R 2 ) higher than 0.9998 (Figure 2) . Method sensitivity was evaluated by analysing the lowest calibration standard (1.04 µg/mL) a minimum of 10 times as an unknown. The results are summarized in Table 3 . The LOD and LOQ were calculated as 3 times and 10 times the standard deviation respectively. The calculated LOD and LOQ were 0.05 µg/mL and 0.18 µg/mL which were equivalent to 0.76 µg/cig, 2.54 µg/cig, 1.45 µg/cig, 4.83 µg/cig, 2.18 µg/cig and 7.25 µg/cig for mainstream ISO, mainstream HCI and sidestream ISO smoking regimes respectively. The method gave a range of testing of 2.54 µg/cig to 1039.0 µg/cig.
Performance of the method
The accuracy of the method was evaluated by fortifying the control sample (LFMs) which were prepared according to the procedure mentioned in section 2.5. The results are shown in Table 4 , the recoveries of particulate and vapour phase ranged from 92% to 112%.
The precision of the method was evaluated by measuring HCN yields in mainstream smoke of the 3R4F cigarette generated under the ISO regime for 19 times. As shown in Table 5 , the value ranged from 82.8 to 96.0 µg/cig with %RSD of 4.5. The repeatability and reproducibility of the method within one laboratory was evaluated by measuring HCN yields in mainstream smoke of the 3R4F cigarette generated under the ISO regime by different analysts on 6 different days. As shown in Table 6 and Table 7 , the results indicate the accuracy (reproducibility standard deviation SR) of HCN in mainstream smoke is ± 4, reproducibility limit (R) is ± 9, and the precision of HCN in mainstream smoke measurement is 5%, which is very good. The means of different analysts are well within the reproducibility limit.
Comparative evaluation of the method
The new method was compared with the existing KCN method (Health Canada T-107) by analysing HCN in 3R4F (Table 8 ) and subjected to statistical evaluation. As shown in Table 9 , the t-test reveals that, since p value is >0.5 both the means of KCN and the newly developed method are found to be equal, there is no significant difference between average mean value and standard deviation of two methods. The results of the study are in good agreement with published data of the Kentucky Reference Cigarette 3R4F (26) . Hence the developed method is accurate and precise when compared to this existing KCN method.
Apart from the above, the analysis of variance (ANOVA) for both methods have been carried out (Table 10) , and the inference is at 95% confidence limit, the F statistical value is lower than the F critical value for between-group (KCN vs. Zincate) variations. And furthermore F statistic value is lower than F critical value for within-group variations. This indicates that there is no significant variability within each method and between them. The results of HCN (Table 11 ) under the HCI regime also demonstrate that the method can be used effectively for both ISO and HCI regime. The results of the study are in good agreement with published data of the Kentucky Reference Cigarette 3R4F (26) . Furthermore, the above results were validated by recovery studies with a recovery of more than 99% at 5 µg/mL. The data can be found in Appendix 2.
Sidestream smoke results
The method was extended for the analysis of HCN in sidestream smoke. The results ( 4 ] can be adopted in suitable laboratories to avoid the potential safety threat posed by potassium cyanide. 
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